To determine whether exposure to repetitive head impacts over a single season negatively affects cognitive performance in collegiate contact sport athletes.
practice effect (i.e., "improved less") than noncontact athletes tested at similar intervals was not studied.
In this study, we tested the hypothesis that repetitive head impacts sustained over 1 season would negatively affect cognitive performance, and that change in cognition would be related to head impact exposure.
METHODS Overview. This report is part of an ongoing study of the biomechanical basis of concussion and the effects of repetitive head impacts in 3 National Collegiate Athletic Association (NCAA) athletic programs (Brown University, Dartmouth College, and Virginia Tech). In this article, we report only on athletes enrolled in the study between 2007 and 2010 who were not diagnosed with concussion during the index season.
Participants. Two cohorts of athletes were studied. The contact sport cohort consisted of football players at the 3 institutions and ice hockey players (men and women) from 2 of the 3 institutions. The noncontact sport cohort consisted of varsity athletes on a variety of teams including track, crew, and Nordic skiing. Study participation was offered to all members of these contact and noncontact teams. Athletes were excluded if they had significant systemic medical illness or current psychiatric disorders. For the noncontact sport cohort, self-reported history of prior concussion was an additional exclusion criterion.
Standard protocol approvals, registrations, and patient consents. The protocol was approved by the institutional review board at each collaborating institution and all participants gave written informed consent.
Assessments. Cognition. All participants underwent the Immediate Post-Concussion Assessment and Cognitive Test 18 (ImPACT), a widely used computerized neuropsychological screening tool, preseason and again postseason.
Athletes from 1 of the schools also underwent a 2.5-hour battery of standardized neuropsychological tests at both time points assessing general level of intellectual functioning (Wide Range Achievement Test 4 [WRAT IV] Reading 19 ), attention/ concentration, working memory, verbal and visual learning and memory, verbal fluency, and processing speed. Although there is evidence for convergent validity of these 2 assessments of cognition, 20 a full battery approach is considered the gold standard in terms of cognitive assessment.
Head impact measurement. During all practices and games, players wore Riddell football helmets (Riddell Inc., Rosemont, IL), or Easton S9 (Easton Sports, Scotts Valley, CA) or CCM Vector (Reebok, Saint-Laurent, Quebec, Canada) hockey helmets instrumented with the HIT System. A detailed description of the HIT System development, uses, and accuracy of the HIT algorithm have been published. [21] [22] [23] [24] [25] [26] [27] In brief, the HIT System integrates an array of single-axis accelerometers into a helmet insert. Each accelerometer is continuously sampled by an on-board, miniature data acquisition system. When any accelerometer exceeds a threshold (14.4 g in this study), 40 msec of data are transmitted, saved, and processed using a proprietary algorithm to solve for the peak linear and rotational acceleration magnitude at the head center of gravity (CG), impact duration, impact location, 21, 22 and a nondimensional measure of head impact severity, HITsp. 14 HIT system measurements have a high correlation with data obtained from anthropomorphic test de-vices (i.e., dummy headforms) and provide accurate head acceleration measures for a wide range of impact velocities and locations. 24
Analyses. Cognition. Computer-based neuropsychological assessment. The 5 ImPACT composite scores were chosen as the primary outcome measures for the computer-based cognitive assessment.
Neuropsychological battery. Prior to data analysis, 7 tests were chosen from the full neuropsychological test battery as the primary neuropsychological outcome measures based on sensitivity to MTBI in both the literature and our experience assessing cognitive performance shortly after MTBI. 28 -30 Head impact exposure. Prior to data analysis, 4 biomechanical variables were chosen as representative indicators of head impact exposure: number of hits, peak linear acceleration, peak rotational acceleration, and HITsp (derived from peak acceleration, impact duration, and impact location). Both maximum and cumulative metrics were created from these variables using the following equations: max var ϭ max͑var͑t: end of season͒͒ and sum var ϭ end of season Α t var where var is peak linear acceleration, peak rotational acceleration, and HITsp. Three values for initial time t were used: the first day of preseason practice, 1 week prior to the end of the season, and the last day of the season. This strategy allowed us to capture scenarios of low frequency, high magnitude events and high frequency, low magnitude events over different time intervals that might have detrimental effects on cognition.
Statistical analyses. Statistical analyses were conducted separately for athletes who completed ImPACT testing, and for the athletes who completed the neuropsychological battery. Distributions for cognitive performances and head impact exposure (HIE) were examined for outliers and distributional characteristics. Contact and noncontact sport athletes were compared using means and t tests for continuous variables and 2 tests for categorical variables with respect to basic demographic information and for test-retest intervals. WRAT IV Reading score differed between athlete cohorts (contact: 111 Ϯ 11 vs noncontact: 116 Ϯ 9.3, p ϭ 0.024). Although both scores are in the high average range, WRAT IV Reading was used as a covariate in subsequent analyses. Performance on baseline (preseason) and postseason neuropsychological measures for the 2 athlete groups was compared using repeated-measures analysis of covariance (ANCOVA) (PROC Mixed in SAS) with WRAT IV Reading (standard score) as a covariate. For ImPACT variables, betweengroup performance was compared preseason and postseason using a repeated-measures analysis of variance (ANOVA) (PROC Mixed in SAS), as no reading estimate was available for participants at 2 of the sites. Time by group interactions were examined to assess the groups in terms of changes from baseline, thus controlling for practice effects. Test-retest in-terval between the baseline and follow-up assessments was also included as a covariate to further control the variability in practice effects.
Results were also analyzed using a regression-based z-score approach. 37 This approach, similar in some respects to a reliable change index, allows for the identification of individuals who are performing "worse than predicted" at a given time point. The noncontact athletes data were used to establish a predicted range of postseason performance based on preseason performance and test-retest interval; z-scores representing change (from preseason to postseason) for each cognitive variable were computed using multiple-regression analysis with adjustment for test-retest interval, and when appropriate, WRAT IV Reading score. Prior to data analysis, a value of Ͼ1.5 SD lower than the predicted value was chosen as an indicator of significantly poorer than expected postseason performance. Using a 2 test, the frequency of poorer than expected postseason performers among the contact and noncontact sport groups was compared to test the hypothesis that a subgroup of contact athletes might be more vulnerable to repetitive impacts. For example, if many contact athletes had robust practice effects comparable to, or greater than, the noncontact group, results of group comparisons might be unrevealing. Using the z-score analysis permits setting of a reasonable threshold of "lower than expected postseason performance" to determine whether the 2 groups differed with respect to how many participants did in fact score lower "than they should have."
Two sets of linear regression models were used to estimate the partial correlation coefficients among the HIE metrics over the 3 time intervals, and the postseason neuropsychological test and ImPACT variables. All models were adjusted for the preseason cognitive performance, gender, and time between pre and post tests. Both contact and noncontact players were included in the analysis, with a regression term for contact status. HIE was assigned a value of zero for noncontact athletes. Site was included as an adjusting variable in the ImPACT analysis. For the neuropsychological test models, WRAT IV Reading score was included. Partial correlation coefficients were estimated for the time-based HIE metrics. The inclusion of the term for contact athlete group status allows interpretation of the partial correlation coefficients as pertaining to contact athletes only. Models were first fit including all HIE metrics separately for each time period, and then a Wald test was performed to test the hypothesis that all HIE metric partial correlations for each time period were zero.
RESULTS Participants. The results reported are from all 214 contact sport athletes and 45 noncontact sport athletes from the 3 sites who completed preseason and postseason assessments with ImPACT. The contact and noncontact sport groups did not differ significantly in gender, with 93% of the noncontact sport athletes and 81% of the contact sport athletes being male ( p ϭ 0.07). Contact sport athletes were studied, on average, 126.8 days after baseline (preseason) assessment (SD ϭ 38.38), and, on average, 25 days after their last head impact exposure (SD ϭ 31). Noncontact athletes were studied 129.9 days after baseline (SD ϭ 29.47). The test-retest interval did not differ significantly between the contact and noncontact athlete groups ( p ϭ 0.66). However, because of the variability in test-retest interval and time from last head impact exposure to postseason testing, analyses were adjusted for these variables.
Forty-five contact sport athletes and 55 noncontact sport athletes from 1 site completed preseason and postseason assessments with the neuropsychological test battery in addition to ImPACT. The athlete groups did not differ in terms of age (contact: 19 Ϯ 1.3 vs noncontact: 20 Ϯ 1.4), percent male a Linear acceleration is measured in g, rotational acceleration in rads/s 2 . HITsp is a unit-less, impact location weighted composite measure that combines peak head acceleration (both linear and rotational) and impact duration using scaling coefficients derived from principal component analysis. 24 (contact: 84% vs noncontact: 73%), years of education (contact: 13 Ϯ 1.2 vs noncontact: 13 Ϯ 1.1), or parental education. Postseason neuropsychological assessment was completed a mean of 27 Ϯ 24 days after athletes' final contact sport exposure.
Head impact exposure. Contact sport athletes were exposed to a mean of 469 separate impacts over the course of the season. Table 1 summarizes key HIE metrics for the contact sport athletes.
Cognitive performance. ImPACT performance. Table 2 summarizes the preseason and postseason results of the ImPACT scores for both athlete groups. Preseason profiles were similar although the contact sport group performed better on the Visual Memory Composite ( p ϭ 0.037). There were no significant between athlete group differences postseason and no significant athlete group by time interactions. Neuropsychological battery performance. Table 2 also summarizes the preseason and postseason results of the primary outcome measures from the neuropsychological test battery. Preseason performance did not differ significantly between athlete groups with the exception of the Letter Fluency test, where noncontact athletes scored significantly higher. Modest but statistically significant improvement was noted from preseason to postseason testing on several of the measures. Two tests (PASAT C and CVLT) showed significant athlete group by time interactions. On the PASAT C contact sport athletes performed more poorly at baseline than noncontact sport athletes, but better than the noncontact sport athletes at postseason testing. On the CVLT, the noncontact athletes showed greater improvement from preseason to postseason than the contact athlete group.
Regression-based z-score analysis. Table 3 summarizes the regression-based z-score results. A statistically significant higher percentage of individuals in the contact sport group performed more than 1.5 SD below their predicted level on the CVLT (22% vs 3.6%, p ϭ 0.006). There were no ImPACT composite scores where contact sport athletes demonstrated a significantly greater percentage of players with scores 1.5 SD below the predicted postseason score based on a 2 test. However, the finding that a higher percentage of contact sport athletes performed more than 1.5 SD below their predicted score on the CVLT suggests there may be a subgroup of athletes for whom repetitive head impacts affect learning and memory at least on a temporary basis, and is consistent with other reports in the literature. 16 Furthermore, the modest but significant correlations between performance on these measures and several measures of biomechanical impact exposure over the last week of the season and cumulatively over the course of a season suggests a potential connection between HIE at higher magnitudes and frequencies and cognitive performance. However, it should be noted that, due to the complex and observational nature of the data and the large number of measures of exposure and outcome examined, formal adjustments for multiple comparisons would considerably reduce the statistical significance of the reported p values. We did not find systematic differences between athlete cohorts at the preseason assessment, suggesting that accumulated impacts over multiple previous seasons (i.e., prior to the index season) are not associated with reduced cognitive performance at the group level. These results are consistent with at least 1 other study 17 and may serve as an encouraging counterweight to recent concerns about cognitive effects associated with repetitive head impacts in contact sports. Our use of a noncontact sport athlete control group in the design and analysis also helps to Table 3 Regression-based z scores for post-test neuropsychological variables (site 1) and ImPACT composite scores (all sites) in contact sport and noncontact sport athletes a address the concern that subtle adverse changes in cognition in the contact sport athletes might manifest as reduced practice effects over relatively short test-retest intervals. As noted, the athlete groups did not differ significantly with respect to preseason to postseason test interval, and test-retest intervals were used additionally to adjust the major comparisons reported; thus, it seems unlikely that practice effect differences contributed in a major way to the results. Several factors should be considered when interpreting these results. This cohort was limited to collegiate athletes, and therefore care must be taken in extrapolating the results to different age groups. This study did not assess potential changes in cognitive scores relative to baseline during the season or immediately following active HIE (mean of 26 days for ImPACT, 27 days for neuropsychological battery), although time to retest following end of season was considered as a covariate. It is possible that greater between-group differences might be found during the season, as previously reported. 16, 38 The role of effort and motivation is also important to consider. Although both ImPACT and our neuropsychological battery contained measures to assess effort, these are imperfect indicators; we therefore cannot rule out the possibility that differences in effort at the group level may have obscured additional findings. For example, if the contact athlete group did not try as hard during the preseason evaluation (e.g., to minimize abnormal scores if they were concussed later in the season) and were motivated to try harder at the post-season assessment relative to the noncontact group, this might confound the findings. Alternatively, our cohort is a fairly bright, well-educated group, generally motivated to perform both athletically and cognitively, thus their effort to perform well on cognitive tests may not be generalizable to other less motivated populations. We have previously reported that cognitive performance in a group of individuals with MTBI was similar to that of a group of noninjured healthy controls; however, patterns of cerebral activation associated with a cognitive task differed across groups and could be interpreted as demonstrating that the MTBI group was working harder to achieve the same results. 28 It is also possible that results would differ in a predominantly female sample given that young women may be more susceptible to concussion and its effects. 4 Another factor to consider in the design of future studies would be whether individuals with 1 or more prior diagnosed concussions respond differently to repetitive impacts over the course of a season.
The findings of this study are somewhat reassuring in the context of the recent heightened concern about potential detrimental effects of contact sports. 8 The lack of a strong detrimental group effect of a season of repetitive head impacts on cognition may help to put in perspective the overall risk to contact sport athletes, and is consistent with the observation that thousands of individuals have played contact sports for many years without obvious functionally significant adverse effects, and without developing WRAT IV ϭ Wide Range Achievement Test 4. a Summary of multiple linear regressions covarying for baseline score, WRAT IV-Reading (neuropsychological battery only), contact sport status, and days from preseason to postseason testing. b The HIE variables included were number of hits, peak HITsp, peak linear acceleration, sum of linear acceleration (g), peak rotational acceleration (rads/s 2 ), sum rotational acceleration (rads/s 2 ), sum HITsp. c Statistically significant individual predictors were peak HITsp (r ϭ Ϫ0.27), peak linear acceleration (g) (r ϭ Ϫ0.25), peak rotational acceleration (rads/s 2 ) (r ϭ Ϫ0.27), and sum HITsp (r ϭ Ϫ0.22). d Statistically significant individual predictor was peak linear acceleration (r ϭ Ϫ0. 19 ).
progressive neurodegenerative disorders. Nevertheless, these findings suggest the possibility that repetitive head impacts may have an adverse effect on some athletes. Furthermore we cannot exclude the possibility of detrimental cognitive effects that might be detected with a longer prospective design, for example over the course of 4 years of collegiate contact sports, an important next step. It is also reasonable to speculate that individual differences such as polymorphisms in genes modulating response to neurotrauma 39 (e.g., APOE, BDNF, ANKK1) or other host factors may play a role in cognitive outcome following repetitive head impacts. For example, it is tempting to hypothesize that risk of chronic traumatic encephalopathy or other longterm effects of contact sports may represent a geneenvironment interaction between repetitive mild neurotrauma and genetic vulnerability to heightened injury response or attenuated neural repair. Additional studies are warranted given the public health implications.
